Introduction: Numerous studies have characterized impaired cerebral functioning in nicotineaddicted individuals. Whereas nicotine interacts with multiple neurotransmitters in cortical and subcortical circuits, it directly targets the cholinergic system, sourced primarily from the basal nucleus of Meynert (BNM). However, no studies have examined how this cholinergic system is influenced by cigarette smoking. Here, we addressed this gap of research. Methods: Using a dataset from the Functional Connectome Projects, we investigated this issue by contrasting seed-based BNM connectivity of 40 current smokers and 170 age-and gendermatched nonsmokers. We followed our data analytic routines in recent work and examined differences between smokers and nonsmokers in men and women combined as well as separately. Results: Compared to nonsmokers, female but not male smokers demonstrated greater positive BNM connectivity to the supplementary motor area, bilateral anterior insula, and right superior temporal/supramarginal gyri as well as greater negative connectivity to the posterior cingulate cortex and precuneus. Further, BNM connectivity to the supplementary motor area is negatively correlated to the Fagerström Test for Nicotine Dependence score in male but not female smokers. Conclusions: Along with a previous report of upregulated nicotinic acetylcholine receptor in male but not female smokers, these new findings highlight functional changes of the cholinergic systems in cigarette smokers. The results suggest sex-specific differences in cholinergic dysregulation and a need for multiple imaging modalities to capture the neural markers of nicotine addiction. Implications: Nicotine influences cognition via cholinergic projections of the basal forebrain to the cerebral cortex. This study examined changes in resting-state whole-brain functional connectivity of the BNM in cigarette smokers. The new findings elucidate for the first time sex differences in BNM-cerebral connectivity in cigarette smoking.
Introduction
Nicotine influences cerebral functions by way of its action on nicotinic receptors. Cholinergic innervations of the brain arise from a few distinct nuclear groups each in the basal forebrain, brain stem, and the diencephalon. In the basal forebrain, cholinergic projections from the basal nucleus of Meynert (BNM) are widespread in the cerebral cortex, with denser distribution of the acetylcholine transferase immunoreactive axons in limbic and paralimbic cortex than in primary sensory-motor and sensory association cortex. 1, 2 The cholinergic systems mediate a wide range of cognitive functions, including working memory and executive control, and have been implicated in many neuropsychiatric conditions, including Alzheimer's disease, Parkinson's disease, and drug addiction. 3, 4 A growing body of rodent studies characterizes cholinergic dysfunction in nicotine addiction. 5 However, to our knowledge, no studies have examined whether or how BNM functions are altered in association with cigarette smoking.
Analysis of resting-state functional connectivity (rsFC) using low-frequency blood oxygen level-dependent signals has provided a volume of information on cerebral functional organization and how the network circuits are compromised in neuropsychiatric conditions including nicotine addiction. For instance, widespread rsFC attenuation was observed in the reward 6 and frontostriatal circuit 7, 8 of smokers compared with nonsmokers. Risky decision making was associated with increased rsFC of the dorsal anterior cingulate cortex, anterior insula (AI), and the thalamus in smokers. 9 Studies have examined how rsFC of the default mode network (DMN) is altered and the effects of comorbid marijuana misuse in cigarette smokers. 10 Smokers show reduced rsFC between DMN and executive control network. 11 Interhemispheric functional connectivity increased in sated tobacco smokers when compared to controls. 12 In smoking abstinence, the insula showed increased effective connectivity with regions in the DMN, saliency, and executive control networks. 13 Craving scores showed a significantly negative relationship with the rsFC strength between right AI and left ventromedial prefrontal cortex.
14 Functional coupling between the DMN, saliency, and executive control networks distinguished states of craving and satiety in smokers. 15 Tobacco craving was associated with increased connectivity between the orbital/medial prefrontal cortex and other limbic, striatal, and visceromotor brain regions. 16 Smokers medicated with N-acetylcysteine reported less craving and higher positive affect and concomitantly exhibited stronger rsFC between ventral striatum and the DMN regions. 17 In support vector machine classification, connectivity measures within the frontoparietal networks predicted smoking status. 18 Graph theoretic analyses have also characterized distinct neural metrics that distinguished heavy smokers from nonsmokers. 19 Both nicotine and varenicline downregulated insula-amygdala and insula-DMN rsFC. 20 Other analyses described the effects of nicotine replacement on cerebral network efficiency in relation to sustained attention during a go/no-go task in smokers. 21 In a longitudinal study, decreased rsFC between bilateral posterior insula and somatomotor cortices predicted relapse in cigarette smokers receiving nicotine replacement therapy. 22 Together, these studies indicate changes in cerebral functional connectivity in smokers that relate to craving, cognitive functions, and treatment outcomes.
Using a template derived from a study of postmortem human brains, we recently characterized whole-brain functional connectivity of the BNM in a large sample of adult humans. 23 Here, building on this work, we aimed to examine differences in rsFC of the BNM between smokers and nonsmokers with data obtained from the 1000 Functional Connectomes Project. We characterized the relationship between these connectivity measures and nicotine addiction severity, as indexed by the Fagerström Test for Nicotine Dependence (FTND) score. A broad literature suggests gender differences in the effects of cigarette smoking on cerebral morphometry 24 and functions 25 including resting-state network connectivity, 26, 27 and dopaminergic signaling. 25, 28 Thus, we also examined men and women separately in view of these earlier studies.
Materials and Methods

Dataset
Resting-state functional magnetic resonance imaging (fMRI) scans were obtained from the Nathan Kline Institute/Rockland sample of the 1000 Functional Connectomes project (http:// www. nitrc. org/ projects/ fcon_ 1000/ ). Scans were collected using the latest version of the Multiband echo-planar imaging sequence with the following parameters: time repetition/time echo = 1400/30 ms, voxel size = 2.0 × 2.0 × 2.0 mm 3 , number of slices = 64, with one 10-minute scan per subject. Individual subjects' images were viewed one by one to ensure that the whole brain was covered.
As of June, 2015, resting-state fMRI data of 414 subjects were available and 40 were current smokers (19-57 years of age; 20 men) and evaluated with the FTND 29 scale. The FTND contained six questions to evaluate the level of dependence on nicotine, each scored from 0 to 1 or from 0 to 3, with a total score from 0 to 10 and a higher score indicating more severe dependence. We selected a largest possible number (n = 173) of individuals who were nonsmokers with matching age and gender and studied under identical imaging protocols (18-59 years of age; 72 men) as control participants (Table 1) . Subjects with a diagnosis of any psychotic disorders were excluded. None of them reported having a history of head injury or neurological illness. Of the 173 nonsmokers, 12 had a previous psychiatric diagnosis of specific phobia, attention deficit hyperactivity disorder, depression, or alcohol abuse. Of the 40 smokers, 5 had a previous diagnosis of specific phobia, attention deficit hyperactivity disorder, cannabis use disorder, or depression. All of the main findings remained valid after these participants were excluded (see Results). We presented the results from analyses with these participants included so the findings would better reflect the general population. Please also note that this sample of participants was distinct from the cohort from which we reported whole-brain functional connectivity of the BNM. 23 Supplementary Table S1 shows gender differences as well as group (smoker vs. nonsmoker) by gender interaction in the demographic and clinical characteristics. There was a significant interaction in years of tobacco use (p < .0047). Compared to male smokers (12.7 ± 10.6 years), female smokers (20.6 ± 11.8 years) showed significantly longer years of tobacco use (p = .038, post hoc, two-sample t test). Male (2.0 ± 5.3 years) and female (2.5 ± 6.0 years) nonsmokers did not differ in previous years of tobacco use (p = .60, two-sample t test).
Imaging Data Preprocessing
Brain imaging data were preprocessed as described in detail in our earlier work. 23 Briefly, individual images were realigned, corrected for slice timing, co-registered with high-resolution structural image, segmented for normalization, and smoothed with a Gaussian kernel of 8 mm at Full Width at Half Maximum. We reduced spurious blood oxygen level-dependent variances with additional preprocessing and applied a band-pass filter (0.009 Hz < f < 0.08 Hz) to the time course to obtain low-frequency fluctuations. 30 A "scrubbing" method was employed to remove time points affected by head motions.
31,32
Seed Regions: BNM We used the same BNM mask as in our previous study. 23 Briefly, a mask of the BNM was created based on a stereotaxic probabilistic map of magnocellular cell groups in the basal forebrain. 33 For comparison, we used both cytoarchitectonic and topographical criteria to generate a ventral striatum (VS) mask, that largely corresponds to the nucleus accumbens using the following criteria for delineation on enlarged images of the histological sections: there is a higher cell density in the nucleus accumbens than in dorsal striatum; the slightly smaller cells are of round/oval shape; and very few or no fiber bundles pass through the area.
1 Voxels that overlapped with the VS were removed before correlation analyses ( Figure 1a ).
Seed Region-Based Linear Correlation and Random Effects Analysis
The blood oxygen level-dependent time courses were averaged spatially over the BNM seed. For individual subjects, we computed the correlation coefficient between the averaged time course of the BNM and the time courses of all other brain voxels. To assess and compare the rsFC, we converted these images to Z-score maps by Fisher's Z transform: Z = 0.5 log e [(1 + r)/(1 − r)] for random effect analyses. We performed one-sample t test on the Z maps each for smokers and nonsmokers and two-way analysis of variance (ANOVA) on Z maps to verify group (smokers vs. nonsmokers) main effect and examine gender (men vs. women) main effect and group by gender interaction.
In region of interest (ROI) analysis, we used MarsBaR (http:// marsbar.sourceforge.net/) to derive for each individual subject the functional connectivity Z-scores for the ROIs. Functional ROIs were defined based on activated clusters obtained from whole-brain analysis in ANOVA. All findings were presented in MNI coordinates.
Results
rsFC of the BNM
The results of a one-sample t test of the BNM connectivity to the whole brain are shown in Supplementary Figure S1 , a and b for all smokers and nonsmokers. The patterns of whole-brain connectivity largely reflect those reported earlier. 1 In an analysis of covariance with gender and group as factors of interest and age as a covariate, BNM showed increased connectivity (or less negative connectivity) with the posterior cingulate cortex (PCC), precuneus (PreCu), and cuneus in nonsmokers as compared to smokers, with no significantly increased connectivity in smokers as compared to nonsmokers, at a threshold of voxel level p less than .005, uncorrected combined with cluster-level p less than .05 corrected for family-wise error of multiple comparisons (Figure 1b) . However, there was no significant gender main effect or group by gender interaction effect at the same threshold.
We separated men and women and examined connectivity differences by covariance analysis with age as a covariate at the same threshold. In women but not in men, compared to nonsmokers, smokers showed greater positive connectivity in bilateral AI, supplementary motor area (SMA), postcentral gyrus, and supramarginal gyrus and greater negative connectivity in the PCC/PreCu to the BNM (Figures 1b). These ROIs are summarized in Table 2 . Because marijuana use showed significant differences between smokers and nonsmokers in women, we examined whether marijuana use could confound the results by including years of use and days of use in the prior month as additional covariates in the model. The results are nearly identical (Supplementary Figure S2) .
We focused on the regions that demonstrated significant connectivity differences in women and extracted the connectivity strengths (Z-scores) of each ROI. Figure 2a shows the connectivity strengths for all subjects and for men and women separately. We performed an ANOVA on Z-scores of the identified ROIs to verify group (smokers vs. nonsmokers) main effect and examine gender (men vs. women) main effect as well as group by gender interaction. Supplementary Table S2a reports the uncorrected p values of the ANOVA. Because there were many more nonsmokers than smokers, we also performed the ANOVAs using only 40 nonsmokers that were both group and individually matched to the 40 smokers on age, gender, and years of alcohol use. Figure 2b and Supplementary Table S2b show these results. In both sets of analyses, BNM connectivity to the SMA, bilateral AI, right PCC/supramarginal gyrus, and PCC/PreCu demonstrated a significant group by gender interaction, with greater group differences in women than in men. Further, to examine whether individuals with a past psychiatric diagnosis would have any influence Table S2c ).
Relationship to Nicotine Addiction Severity and Other Clinical Characteristics
For smokers, we examined whether these connectivity changes are related to nicotine dependence level. Male and female smokers did not differ in FTND score (2.0 ± 2.7 vs. 2.6 ± 4.1; p = .3133). We performed a linear regression of the connectivity strengths (Z-scores) of each ROI against the FTND score for men and women separately. The results showed that the connectivity strengths of the BNM to the SMA showed a significant negative correlation with the FTND score in men (p = .0027, r = −.63) but not in women (p = .14, r = .34; Figure 3 ). Further, the two regressions were significantly different in slope (p = .026). That is, whereas BNM connectivity to the SMA differed significantly between smokers and nonsmokers only for women, greater BNM to SMA connectivity was associated with less nicotine dependence only in male smokers. None of the other connectivities correlate with FTND scores (all ps > .1) in men and women examined separately or combined. As described earlier in an ANOVA, compared to nonsmokers, male and female smokers differed in the duration of tobacco use. We thus examined whether the changes in connectivity are related to duration of tobacco use each for male and female smokers. The results showed that none of the changes in connectivity correlated with duration of tobacco use for male or female smokers (all ps > .23). To thoroughly investigate the possible influence of other drug use on the current findings, we examined the differences between smokers and nonsmokers, separately for men and women, with two-sample t tests. Compared to nonsmokers, female but not male smokers showed significantly greater narcotics and marijuana use (Supplementary Table S3 ). To investigate whether the differences in connectivity were related to the extent of alcohol and substance use, we performed a linear regression of the connectivity strength each against years of alcohol, cocaine, other stimulants, narcotics and marijuana use as well as the number of days of alcohol, cocaine, other stimulants, narcotics and marijuana use in the prior month, separately for men and women. None of the correlations were significant considering multiple comparisons, again suggesting that alcohol and other substance use did not relate specifically to these changes in connectivity (Supplementary Tables S4 and S5) .
Discussion
This is the first study to explore rsFC of the BNM in current smokers as contrasted to nonsmokers. For both smokers and nonsmokers, BNM showed positive connectivity to frontal cortical regions including the SMA and dorsal anterior cingulate cortex and negative connectivity to the PCC and PreCu. These patterns of functional connectivity replicate those reported in our earlier work. 1 The main findings of the current study relate to the differences in BNM connectivity between smokers and nonsmokers and how these differences manifest primarily in women and correlate with nicotine addiction severity in men.
BNM Connectivity in Smokers
Compared to nonsmokers, smokers demonstrated greater positive BNM connectivity to bilateral AI, SMA, postcentral gyrus, supramarginal gyrus, and greater negative BNM connectivity to the PCC/PreCu to the BNM in women but not in men. A recent rsFC study of sated nicotine-dependent cigarette smokers reported sex differences in correlation strength between the hippocampus/ amygdala and the bilateral AI, rostral anterior cingulate cortex, and inferior parietal lobule with females showing stronger functional coupling than males. 26 Similar to the BNM, the amygdala plays an important role in processing salient stimulus. Thus, these findings may suggest a heightened saliency and arousal responses in female smokers.
Compared to nonsmokers, female smokers showed increased BNM-SMA connectivity. Acetylcholine (ACh) release in the medial prefrontal cortex, including the SMA, is crucial for normal cognitive performance. 34, 35 In rats, while both sexes showed a distinct 24-hour rhythm of ACh release (high/low during the dark/light phase) in the premotor cortex and SMA, female rats showed more cholinergic neurons in the BNM and a greater ACh release than male rats. 36 Spontaneous locomotor activity paralleled the diurnal changes in ACh release, with greater changes in female than male rats. Female rats were also noted to have higher cortical nicotinic ACh receptor (nAChR) density than male rats. 37 Importantly, chronic nicotine treatment increased nAChR density in male but not female rats. 37 This finding was confirmed in humans, with the β2 unit-containing nAChR availability significantly higher in the striatum, cortex, and cerebellum in male but not female smokers compared with nonsmokers. 38 Considered with the current findings, where female but not male smokers demonstrated differences in BNM connectivity, it is possible that male smokers maintain BNM connectivity at a level close to the nonsmokers by upregulating nAChR. Further, greater addiction severity as reflected in the FTND score is associated with less BNM-SMA connectivity, suggesting that male smokers who are more severely addicted to smoking likely upregulate nAChR to a greater extent in this compensatory process. Thus, the higher BNM-SMA connectivity represents a distinct neural marker of female smokers, whereas upregulated nAChR characterized male smokers.
On the other hand, mechanistically it is also plausible that BNM-SMA connectivity increased in female smokers in compensation such that nAChR does not differ from nonsmokers. To distinguish between these possibilities would require experiments that quantify both nAChR availability and rsFC pre-and postexposure to nicotine in the same individuals. Although no such studies have been performed, a previous work employed human epithelial cell clones expressing human nAChRs to examine functional responsiveness of receptors following nicotine treatment. 39 The results showed persistent inactivation of nAChR induced by prolonged exposure to nicotine. We feel that, to the extent these findings can be considered for the effects of nicotine on nAChR in human smokers, they suggest the possibility that smoking leads to inactivation of nAChR, which in turn leads to compensatory increase in the number of the receptor. This hypothesis of gender difference and its functional implications can be tested by combining fMRI and molecular imaging in future work.
Compared to nonsmokers, female smokers showed increased BNM connectivity to bilateral AI. The insula has been implicated in supervisory attentional control, 40 decision making, 41 autonomic activity in response to salient stimuli or cognitive challenges, 42 and emotion awareness. 43 These functional roles may explain how the insula is involved in cue elicited craving and drug seeking in addiction. 44 For instance, memory retrieval of smoking-related images induces insula activation 45 and exposure to smoking as opposed to food cues increased insula activation and connectivity to limbic motor circuits. 46 Indeed, human laboratory data have demonstrated a stronger influence of non-nicotine factors on smoking reinforcement among women and a more important role of nicotine factors on smoking behavior among men. 47 Compared to men, women exhibit greater sensitivity to the subjective effects of nicotine such as higher ratings of perceived drug strength in nicotine administration studies. 48 Women also report less reinforcement from nicotine when visual and olfactory smoking stimuli are blocked. 49 In humans, lesion of the insula is associated with increased odds of continuous abstinence. 50, 51 Compared to never smokers, current smokers showed a decrease in the gray matter density of the insula. 52, 53 Highfrequency transcranial magnetic stimulation of bilateral insula facilitates smoking cessation. 54 Together, greater BNM connectivity to the insula suggests that female smokers may be particularly vulnerable to the influence of contextual cue in triggering craving and urges to smoke. The PreCu/PCC are part of the DMN, increasing activation to internally directed and self-related thoughts. The strength of connectivity between the right AI and the PreCu was positively correlated with the magnitude of craving response to smoking cues. 55 In previous studies, activation of the PreCu/PCC to smoking versus control cues is associated with nicotine addiction severity, suggesting compromised self control, in cigarette smokers. 56, 57 The current findings of altered BNM-PreCu/PCC connectivity in smokers, compared to nonsmokers, may suggest a role of these posterior cortical structures in internally directed attention in female smokers.
Limitations, Conclusions, and Potential Treatment Implications
A few limitations of the study need to be considered. First, it should be noted that findings on gender differences were derived from analyses of men and women separately and a group by gender analysis of covariance did not reveal significant interactions. This may have resulted from a small sample of current smokers and suggests the need of replication to confirm the current findings. Second, marijuana use was significantly higher in female smokers. Although the findings remained identical in covariance analysis to include years of marijuana use and days of marijuana use in the prior month as covariates, it cannot be ruled out that marijuana may have a significant effect on the current findings. This issue needs to be investigated further. Third, our interpretation of the asymmetrical findings on rsFC and AChR in men versus women remains speculative-an experiment that combines fMRI and molecular imaging in the same individuals will be needed to confirm this hypothesis.
In summary, female but not male smokers demonstrated altered BNM connectivity to cortical structures and the insula. The current findings of increased BNM connectivity to regions of limbic and cognitive-motor functions may provide a broad basis for future studies to examine the neural mechanism underlying gender differences in smoking behavior. These findings may also have treatment implications. Women are less successful quitting smoking 58, 59 and derive less benefit from nicotine replacement therapy than men. 60, 61 On the other hand, a meta-analysis of varenicline trials demonstrated greater efficacy for women compared to men at the end of a 12-week treatment and equivalent efficacy for women and men at 1-year follow-up. 62 Pharmacological fMRI studies may help in identifying the underlying mechanisms by which nicotine replacement therapy and varenicline facilitate abstinence and varenicline reduces the observed sex disparity in cessation.
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Supplementary Tables S1-S5 and Figures S1 and S2 can be found online at http://www.ntr.oxfordjournals.org
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